ABSTRACT The traditional acoustic emission (AE) source location method, which is based on the model of a single-layered medium, is not appropriate for accurately locating AE sources in multilayered media. To solve this problem, an innovative AE source location method based on a refraction path (RP) method is proposed. In this new method, the refraction points at each interface are first solved according to Snell's law and then substituted into the equations for the time difference of arrival (TDOA). Second, linear equations can be obtained by linearizing the TDOA equations. Finally, the optimal AE source can be obtained by iteratively updating the trial solution based on the linearized equations. The results of a pencil-lead break experiment and a numerical simulation show that the proposed method is applicable of locating the actual AE source in both the single-and multilayered media, and the location error of this method in multilayered media is significantly smaller than that of the traditional method.
I. INTRODUCTION
Acoustic emission (AE), which is important for nondestructive testing techniques, is extensively used to monitor structural integrity and to study material damage mechanisms [1] - [7] . A primary and fundamental step in analyzing acoustic emissions is to identify the location of damage, providing more valuable information beyond simply the presence of damage [8] - [12] . Therefore, a highly accurate method for locating the AE source has continuously been a prime research interest [13] - [18] .
Many AE source location methods have been developed and widely implemented in various applications, which mainly include analytical and iterative methods [19] , [20] . The basic thought of the analytical methods is to obtain the explicit formulas for AE source through the nonlinear governing equations [21] - [24] . For the iterative methods, most of them were developed from Geiger method [25] - [28] that converted the nonlinear governing equations into linear by using a first order Taylor expansion. These traditional methods are mainly based on the assumption of homogeneous and isotropic, where the straight-line paths between the source and AE sensors are considered. However, the media encountered in engineering practice usually are more complex [29] - [35] , which have multiple layers, or interlayers between the AE source and sensors [36] . Therefore, neglecting the refractions by these traditional methods though assuming straight-line paths can introduce significant errors to the source location results [37] .
To solve the problem of source location for complex medium, Gollob et al. [38] presented the FastWay method by using the minimum travel-time path. Prasanna et al. [39] took minimum energy path to obtain a practicable source location solution in a more general setup on any arbitrary surface containing finite discontinuities. Both two methods can locate the AE sources in heterogeneities and geometrical irregularities of foreknown material properties. Nevertheless, two methods have either heavy computing burden or the results are not ideal because of the heavy dependency on the voxel or grid partition. Furthermore, some signal-based source localization methods, such as time reversal methods have recently been introduced by Ing et al. [40] and Ribay et al. [41] , which can achieve the source location in complex media as well. The advantage is that they do not require the knowledge of the wavespeed or the structural geometry. However, they require repeated training, which can take a long time to cover the whole area. Then, Park et al. [42] improved this method by automatic training in which noncontact scanning laser Doppler vibrometer and the existing piezoelectric transducers were applied. For more complex structures having circular holes on the path between the acoustic source and the sensor, Baxter et al. [43] and Hensman et al. [44] proposed the Delta-T method to improve source location by comparing differences in the time of arrival information for each sensor pair between a training data set and an actual impact event [45] - [47] . The above time reversal methods can solve the source location in complex structures and can also be applied in layered media. But they are labor intensive and computationally demanding due to the requirement of training data in advance. Therefore, the specific research for the source location with a stronger computing power in the layered media will be necessary. Hence, Zhang et al. [48] simplified the travel time equation utilizing the approximate refraction points in linear equations for the location of layered medium. Their method is efficient but the approximate refraction points may cause large location errors. Therefore, the combined forward and inversion method was further proposed [49] , which had higher location accuracy. However, it is not suitable for the condition where sensors are far away from the hypocenter. In 2017, Zhou et al. [50] proposed an AE source location method for different media based on Snell's law, which resulted in smaller location errors in layered media than traditional methods. However, they only located the AE in media with two layers.
To accurately and efficiently locate AE sources in multilayered media, the refraction path (RP) location method is proposed. The location errors of the new method and traditional method are analyzed and compared.
II. THE RP LOCATION METHOD A. PRINCIPLE OF THE RP METHOD
In traditional AE location methods, objects containing AE sources are treated as single-layered media, assuming the acoustic wave propagates along the blue dashed line in Fig. 1(a) , and the mixed wave velocity is used in the arrival time equations:
where t s i is the arrival time of an AE event at the i th (i = 1, 2, · · · , N ) sensor. t 0 is the initial time of the AE event, andv is the mixed velocity. (x i , y i , z i ) are the coordinates of the i th sensor, and θ is the AE source with coordinates (x, y, z). L (i) is the straight-line distance between the AE source and sensor i, and
However, when the measured objects have multiple layers, the AE signal will be refracted at the interfaces of the different layers during propagation. The RPs are represented by red solid lines in Fig. 1(a) . The arrival time of this RP can be expressed as:
where t i is the arrival time obtained by the i th (i = 
Sensor 1 is assumed to be the first to detect the acoustic wave. By subtracting the equation for i = 1 from the equation for i > 1, the initial time t 0 can be eliminated, and the time difference of arrival (TDOA) equation can be obtained:
where M i is the layer on which the i th AE sensor is placed. If the AE sensors are mounted on different layers, M i will be different. If AE sensors are on the same layer, M i will be the same. After knowing which layer the i th AE sensor is located on, the refraction points at each interface for i th refraction path (RP) can be solved according to Snell's law and then are substituted into (3).
B. DETERMINATION OF REFRACTION POINTS
In (3), the unknowns that must be further determined are the source coordinates (x, y, z) and the coordinates x (i) r and y
r of the refraction points. Meanwhile, the refraction of an acoustic wave at interfaces in multilayered media should also meet Snell's law [51] , as shown in Fig. 1(b) . Their relations can be represented as (4)
where 
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The only unknown, B (i) , can be rapidly calculated by substituting (4) into (5). Then, tan α m can be obtained according to the solution of B (i) . Finally, the coordinates of the refraction points on each interface can be obtained:
where 2 , which is the direction vector of the straight-line projection of the propagation path onto the x-y plane.
C. SOLUTION PROCEDURE FOR THE RP METHOD
The residual functions expressing the deviations between the calculated and observed TDOA can then be obtained with the following expression:
where the deviation ξ is called the TDOA residual error. The smaller the deviation is, the closer the test point is to the true AE source. In addition, t c i1 is the calculated TDOA between sensor i (i = 2, 3, · · · , N ) and sensor 1, and t o i1 is the observed TDOAs at sensor i and sensor 1.
The unknown parameters θ (x, y, z) can be obtained by solving (7), but the nonlinear equations are difficult to solve directly. Therefore, we adopt the iteration method to solve the nonlinear equations. In each iteration step, the parameter vector θ is replaced by a new estimate (θ + θ ). To determine θ , the functions are approximated by their linearizations (i.e., the TDOA equations are linearized using a first-order Taylor expansion):
For N sensors, there are N − 1 equations, and (8) can be written as a matrix:
where and
.
The least squares solution defined by (9) satisfies
where the symbol T denotes the matrix transpose, and A T A is the Hessian matrix. However, when the initial value is distant from the true solution, the first-order approximation of the Taylor expansion will easily lead to the singularity of the Hessian matrix, which makes inverting the matrix in (10) difficult, and the iteration will be terminated. To solve this problem, a damping term λdiag(A T A) is added to the Hessian matrix, which enables the iteration to continue [27] , [52] , and (10) becomes
where λ is a nonnegative damping factor that is adjusted in each iteration. If the reduction in the residual error is rapid, a smaller value (λ = λ/β) can be used, bringing the algorithm closer to the Gauss-Newton algorithm. Where, the constant β is the control factor of the step size with a value β > 1. If an iteration results in an insufficient reduction in the residual, λ can be increased (λ = βλ), moving a step closer to the gradient-descent direction. If either the length of the calculated step θ or the reduction in the residual sum of squares from the latest parameter vector θ + θ falls below predefined limits, the iteration stops, and the last parameter vector θ is considered the solution. Diagonal matrix diag(A T A) consists of the diagonal elements of A T A. Each component of the gradient can be scaled according to the diagonal elements of A T A, thus providing some advantages of the second derivative even for large λ. The diagonal matrix will ensure that movements will be larger along the directions where the gradients are smaller. This avoids slow convergences in the directions of small gradients. The entire process of the RP method is shown in detail in Fig. 2 .
III. EXPERIMENTAL VERIFICATION
To verify the feasibility of this method, an AE source location experiment was carried out in multilayered media. Three different materials were selected, iron, granite and marble. The AE sources were generated by breaking pencil lead. The diameter of the HB pencil lead was 0.5 mm, and the pencil lead was broken at 30ř on the surfaces of the specimens. Fig. 3 shows the locations of the AE sources and sensors in the experiment. The bottom layer was a marble specimen with a velocity v 1 = 5007m/s. The middle layer was a granite specimen with v 2 = 4442m/s. The top layer was an iron specimen with v 3 = 6047m/s. The three specimens had the same lengths and widths (200 mm×179 mm), and the heights of the marble, granite and iron layers were 75, 84, and 79 mm, respectively. Eight AE sensors were placed on the surface of the top layer at the following coordinates: S 1 (0, 149, 179), S 2 (10, 0, 179), S 3 (200, 10, 179), S 4 (180, 179, 179), S 5 (20, 149, 238), S 6 (10, 10, 238), S 7 (190, 10, 238), and S 8 (180, 159, 238). It should be noted that the AE sensors have not to be placed in the same layer, they can be mounted on different layers as long as the engineering practice permits. But in the paper, the AE sensors were all mounted in the top layer in order to get closer to specific engineering practices, e.g., in the mining monitoring system where the majority of sensors are placed on or in the superficial layer. And another case is the true triaxial test where the AE sensors are difficult to be mounted on the surface of rock sample directly. Four AE sources were generated by breaking pencil leads on each layer. The coordinates of the AE sources are listed in Table 1 . The AE waveforms received at two sensors are shown in Fig. 4 , and t 1 and t 2 are the arrival times at sensor 1 and sensor 2. The AE sources were located by using the proposed RP method and the traditional TD method [28] .
The locations determined using the two methods and their projections onto three planes' coordinates are plotted in threedimensional space in Fig. 5 . The location results in the top medium using the two methods are unanimous because there was no refraction. In the middle layer, the advantage of the RP method is clear, and the locating errors from the RP method are much smaller than those from TD. The location results from the two methods differ most in the bottom layer; the TD method locate the AE sources in the middle layer, whereas the location errors when using the RP method remain small. Therefore, the proposed method is more applicable for determining locations in multi-layer media. Table 1 lists the location results from the RP and traditional methods.
IV. SIMULATION AND ANALYSIS
The above experiment shows that the RP method can accurately locate AE sources in multilayered media. The characteristics of the RP method using simulated AE source locations is analyzed in this section.
The simulation is based on an 11-layer media model, in which the dimensions of each layer are 300 mm×300 mm× 80 mm. Sixteen sensors are deployed in the top medium at the following coordinates: O 1 (10, Table 2 . The AE sources in each layer can be located using the proposed RP method based on the simulated times of arrival (the precision is 10 −7 s), sensor locations and velocities. The results obtained using the RP and TD methods, which are presented in detail in Table 2 , are compared. Fig. 6 shows the trends of the absolute distance errors of the two methods for different source locations in the layers. The RP method has a small theoretical locating error, and the four curves almost completely overlap. Meanwhile, the TD method has larger location errors for the multilayered media, which increase significantly from the top to the bottom layer. As there is no refraction in the single layer, the location errors of the two methods exactly coincide. Detailed data are presented in Table 3 .
V. CONCLUSIONS
This paper proposes an AE source location method for multilayered media that assumes that acoustic waves spread along a straight line in a single layer and will refract at the interface between different layers. In this method, the determination of the refraction points is convenient and rapid because the equation contains only one unknown parameter. In addition, the amount of calculations for the refraction points does not considerably increase with number of layers. For the iteration process, a damping term is added to the Hessian matrix, which avoids the singularity of the matrix and enables iterations to continue successfully, even for inaccurate initial values. Rapid convergence using the RP method can be achieved by adjusting the damping factor. The pencil-lead break experiment shows that the RP method is applicable to locating AE sources in both single and multilayered media. The proposed method is more accurate than the traditional TD method in multilayered media. Furthermore, the numerical simulation demonstrates the stability of the RP method in location performance. The theoretical location error under the RP method is small, whereas the absolute distance error under the TD method increases significantly with layers.
However, the proposed algorithm has some limitations. First, this location method can be applied only to multilayered structures of isotropic non-dispersive layers of known geometry and layer-to-layer interfaces, whereas many media have more sophisticated structures such as the media with arbitrary shaped interfaces which can be further investigated combining the theory of minimum energy path or others [39] . Second, the velocity in each layer must be measured in advance. Therefore, operational errors in velocities may occur, which would lead to errors in the final AE source locations. Moreover, note that location accuracy is also related to sensor layout, but their specific relationships require further research. Therefore, future studies should extend this method to overcome those limitations.
